We report a technique, named targeted gene methylation (TAGM), for identifying in vivo protein-binding sites in chromatin. M.CviPI, a cytosine-5 DNA methyltransferase recognizing GC sites, is fused to a DNA-binding factor enabling simultaneous detection of targeted methylation, factor footprints, and chromatin structural changes by bisulfite genomic sequencing. Using TAGM with the yeast transactivator Pho4, methylation enrichments of up to 34-fold occur proximal to native Pho4-binding sites. Additionally, significant selective targeting of methylation is observed several hundred nucleotides away, suggesting the detection of long-range interactions due to higher-order chromatin structure. In contrast, at an extragenic locus lacking Pho4-binding sites, methylation levels are at the detection limit at early times after Pho4 transactivation. Notably, substantial amounts of methylation are targeted by Pho4-M.CviPI under repressive conditions when most of the transactivator is excluded from the nucleus. Thus, TAGM enables rapid detection of DNA-protein interactions even at low occupancies and has potential for identifying factor targets at the genome-wide level. Extension of TAGM from yeast to vertebrates, which use methylation to initiate and propagate repressed chromatin, could also provide a valuable strategy for heritable inactivation of gene expression.
T
he interaction of proteins with chromosomal target sites, either directly or through recruitment by DNA-bound factors, is central to many processes, including transcriptional activation and repression, replication and repair of DNA, recombination, and chromosome segregation. Therefore, strategies are needed that can efficiently identify specific chromosomal sites at which factors act. Few techniques are capable of demonstrating these interactions in the context of native chromatin in living cells, and these methods have limitations (1) . For example, with footprinting techniques, protection against chemical (e.g., dimethyl sulfate) or enzymatic probes expressed in cells, e.g., DNA methyltransferases (MTases) (2) (3) (4) (5) (6) or DNase I (7), requires close proximity of the interacting factor to DNA sites that are modified or cleaved by the footprinting agent. Footprinting methods also require that the factor resists displacement by the enzymatic or chemical probe. Moreover, because many proteins can exclude probe access, a footprint does not provide an unequivocal identity of the bound protein (8) . To circumvent this latter problem, proteins have been fused to an endonuclease (9) ; however, the resulting DNA damage alters chromatin structure and activates checkpoint controls. Another method, chromatin immunoprecipitation (ChIP), uses in situ fixation with formaldehyde followed by immunoselection of DNA-bound complexes. The requirements for large numbers of cells and highly specific antibodies as well as low fixation efficiencies (Ϸ0.1-0.5%) (10, 11) present distinct disadvantages of ChIP analysis. The approach of tethering chromatin proteins to the Dam MTase, which methylates GATC sites near their sites of chromosomal association, overcomes the above problems (12) . This method has been used to detect factors bound at chromosomal regions containing multiple factor binding sites, e.g., 14 Gal4 (12) and 112 TetR sites (13) ; however, it is not known whether it can detect a factor bound at a single binding site. In addition, sensitive quantification of methylation frequencies can be performed for only one dam site at a time and requires real-time PCR analysis.
We report the specific targeting of cytosine methylation to promoters in living eukaryotic cells. Our strategy (Fig. 1) , named TAGM, capitalizes on fusing chromatin-associating factors to M.CviPI, a cytosine-5 DNA MTase (C5 MTase) that methylates the C of a 2-bp GC site. This short specificity provides a M.CviPI recognition site, on average, once every 27 bp, increasing the frequency of MTase sites at least 10-fold over MTases that recognize 4-bp sites. Bisulfite genomic sequencing is used to provide a positive display of 5-methylcytosine ( 5me C) levels at many GC sites on a standard sequencing gel. We find that fusion of M.CviPI to a DNA-binding factor leads to substantial increases in, or targeting of, 5me C proximal to factor-binding sites that are accessible in chromatin. Moreover, 5me C is selectively targeted distal to the site of the bound factor, suggesting detection of higher-order chromatin structure. Thus, TAGM is sensitive, requiring small numbers of cells to monitor the interaction of a factor with a single native binding site. Because DNA methylation is a primary signal for establishing and maintaining repressive chromatin structures in vertebrates (14) , our demonstration of targeting 5me C in a eukaryote is a critical step toward achieving heritable methylation-dependent gene silencing in such organisms.
Materials and Methods
Yeast Strains, Plasmid Construction, and Growth Conditions. All yeast strains used in TAGM analyses have the S288C background and were derived from YPH500⌬L (MAT␣ ade2-101 ura3-52 his3-⌬200 leu2-⌬1 trp1-⌬63 lys2-⌬1) (5) . Zif268 (mut Zif), which contains a single amino acid mutation (H58E) (15) that abolishes DNA binding, was cloned as an in-frame fusion to M.CviPI into pMPK1 under the control of the GAL1 promoter and integrated at LYS2 as described (5) . M.CviPI and mut Zif are separated by a linker peptide, GS(G) 4 SG 4 SG 3 LGST (16). Pho4-M.CviPI was constructed by tagging Pho4 with 3H A-(his) 6 -GPGS(G) 6 (SGG) 2 GLGST (linker)-M.CviPI at its C terminus under control of the constitutively expressed, endogenous PHO4 promoter (17) . URA3, which was flanked by Zygosaccharomyces rouxii recombinase sites, was then deleted by homologous recombination (18) .
For ChIP analysis, strains LFY2152 (S288C; MAT␣ leu2-⌬0 lys2-⌬0 ura3-⌬0 pho3⌬) with the endogenous PHO4 locus tagged at its N terminus with a triple myc epitope or ADY2398 with wild-type PHO4 (no tag control) were used. Both strains also contain a mutated copy of the PHO5 promoter [deletion of both upstream activating sequences (UASs), from Ϫ401 to Ϫ352 and Ϫ258 to Ϫ209] integrated at the extragenic CAN1 locus.
Strains were pregrown in minimal media [2% raffinose͞20 mM Mes, pH 5.5͞14 mM L-glutamine͞0.7 g of yeast nitrogen base without (NH 4 ) 2 SO 4 , phosphate, or amino acids (Bio101)] brought to 13.4 mM KH 2 PO 4 . Cells were then washed and resuspended to an OD 600 of 0.2 with the same minimal media containing either 13.4 mM KH 2 PO 4 (ϩP i , repressive conditions) or 13.4 mM KCl (ϪP i , activating conditions) that also contained 2% galactose.
Bisulfite Genomic Sequencing. Genomic DNA was rapidly isolated and analyzed by bisulfite genomic sequencing (19, 20) as modified (5) . PCR products amplified from bisulfite-deaminated DNA using JumpStart Taq DNA polymerase (Sigma) were purified and subjected to primer extension as described (5), except that the final concentrations of dNTPs (A, C, T) and ddGTP were 50 and 150 M, respectively. Exclusion of dGTP from the PCR product primer extension reactions yields high termination efficiencies (Ͼ96%) (5) at template cytidines ( 5me C residues in vivo). Absolute frequencies of site methylation are calculated by dividing the intensity of a given band by all summed product intensities, including the run-off product at the top of the gel generated by extension on nonmethylated templates. Oligonucleotides used for the bisulfite genomic sequencing analysis of 5me C levels are listed in Table 1 . A more detailed protocol is available on request.
ChIP Analysis. Strains LFY2152 (3Myc-PHO4) and ADY2398 (PHO4) were grown for 4 h in the above minimal medium (2% glucose) containing the indicated concentrations of P i before treatment with 1% paraformaldehyde for 15 min at room temperature. ChIP analysis was performed as described (21) by using 2 l of rabbit A-14 anti-Myc antibody (Santa Cruz Biotechnologies). Two microliters of immunoselected and input DNA (1:2,000 dilution) were amplified in the presence of 10 Ci [␣ 32 P]dCTP by quantitative competitive PCR with primers ADO236 (CATGTAAGCGGACGTC) and LFO740 (GCCTT-GCCAAGTAAGGTGAC), which simultaneously amplify both the wild-type (298-bp product) and mutant (198-bp product) copies of the PHO5 promoter. Radiolabeled PCR products were analyzed by 4% native PAGE.
Results

Targeting of Cytosine Methylation by Pho4 in Vivo.
5me C has been selectively targeted to oligonucleotides in vitro by fusing C5 MTases to heterologous DNA-binding factors (16, 22) . To date, however, attempts to reproduce this capability in vivo have been unsuccessful (22) . As a first step toward targeting C5 DNA methylation in vivo, we tested whether a native yeast protein could specifically target a C5 MTase and hence increase 5me C levels at promoters in the tractable eukaryote, Saccharomyces cerevisiae ( Fig. 1) . Yeast does not have detectable endogenous 5me C, and foreign expression of C5 MTases neither is deleterious nor has known effects on gene expression (5, 6) . The sequences coding M.CviPI (23) were integrated at the end of the PHO4 gene, such that the MTase is fused to the C terminus of Pho4 and the fusion protein is constitutively expressed from the endogenous PHO4 promoter (17) . Pho4 is a basic helix-loop-helix transactivator that induces expression of the PHO gene cluster after binding as a homodimer to E boxes (CACGTG or CACGTT) when P i is limiting (24) . The factor to which M.CviPI is fused is designated the targeting factor. Acid phosphatase activity is increased in PHO4-M.CviPI strains at least 25-fold after 6 h of P i starvation, as has been observed for wild-type strains and those expressing other Pho4 C-terminal fusions (25, 26) . Because fusing foreign proteins to MTases can decrease the 
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affinity of the MTase for its recognition site (16) , as a control, we expressed M.CviPI tethered to a mutated version of the zinc-finger protein, Zif268, that is severely impaired for DNAbinding activity (mut Zif). This ''free'' nontargeted MTase controls for the extent of GC methylation due to MTase site preferences in protein-free DNA and accessibility in chromatin (2-6).
We investigated the Pho4-dependent targeting of M.CviPI to the PHO5 promoter, a well-studied locus of Pho4 binding, in a PHO4-M.CviPI͞PHO4 strain. The use of a heterozygote rigorously tests whether Pho4 can target the MTase in the presence of wild-type Pho4, and more closely approximates the experimental conditions likely to be used if TAGM were used in vertebrate cells. Relative methylation frequencies at multiple GC sites were determined by bisulfite genomic sequencing (5, 19, 20) , where the extent of primer extension termination is directly proportional to the level of 5me C at a given GC site. PHO4 expression is constitutive (17); in high P i medium, Pho4 is phosphorylated by the nuclear cyclin-, cyclin-dependent kinase Pho80-Pho85 and is exported to the cytoplasm, thereby leading to the repression of PHO genes (25) . Consistent with the predominantly cytoplasmic localization of Pho4 under conditions of high P i , on the lower DNA strand of the nucleosome-free region of the PHO5 promoter (27) , C5 methylation by Pho4-M.CviPI of six GC sites (sites 1, 4, 19, 26b, 41, and 43) is at background levels ( Fig. 2A, lanes 8 and 9) .
During a time course of PHO transactivation (Fig. 2 A, -P i , lanes [11] [12] [13] [14] [15] [16] [17] , methylation at most nucleosome-free sites (sites 13, 19, 26a, 26b, 41, and 43) in the PHO5 promoter increased over time in the Pho4-M.CviPI strain, in agreement with the well- 7) were grown under repressive conditions in high P i medium (lanes 1, 8, and 9; only these ϩPi samples from the full time course are shown, because all others for both MTase fusions were identical), then washed and transferred to P i-free medium to activate PHO genes (lanes 2-7 and 11-17). Genomic DNA isolated from cells removed at the indicated times was analyzed for 5me C levels at GC sites on the lower strand of the PHO5 promoter by a modification (5) of bisulfite genomic sequencing (19, 20) . The locations of the two known Pho4-binding sites (filled bars), the UASp1 E box (CACGTT), and UASp2 E box (CACGTG), as well as positioned nucleosome -2 (27) (partial ellipse), are shown. The distance (base pairs) of each GC site from the respective proximal edge of UASp1 in the nuclease hypersensitive region (27) (GC sites from -405 to -331 relative to the PHO5 ATG) or UASp2 (GC sites from -290 to -241) are also indicated on the right. The same number of total counts was loaded in each lane. In strains expressing either MTase fusion, the ratios of 5me C between several sites (F) in a given lane were similar, identifying sites to which methylation is nontargeted or targeted indirectly (see Fig. 1 ). Normalization of 5me C levels to an accessible histone-free site remote from UASp1, site 43 (4), enables lane-to-lane comparisons (see B) and demonstrates protection against methylation (‹) as well as efficient targeting of M.CviPI to three GC sites ( * ) by bound Pho4. Selective targeting of 5me C to these latter three sites is highly reproducible, as evidenced in lanes 9 -17 and in five additional experiments analyzing one ϩP i and a 4-h ϪPi sample. Note that, after 2 h, high levels of methylation in the Pho4-M.CviPI samples lead to considerable departure from single-hit kinetics and underestimation of signal intensity from -344 to -241. (B) Quantitative scans of bisulfite genomic sequencing data. (Upper) Selected lanes (as indicated) in A are scanned (PHO5 UASp1). Methylation levels can be normalized to that at site 43. (Lower) Scans (PHO5 UASp2) were obtained by reextension of the same PCR products used in the analysis in A with primer PHO5b1-969 that anneals between sites 26b and 37. The same number of total counts was loaded in each lane. Symbols are as in A. (C) Initial rates of methylation are linear. Quantification of absolute 5me C frequencies (percentage of total summed product intensities) of the indicated sites from the data in A, lanes 10 -13. (D) M.CviPI is specifically targeted by Pho4 to PHO5 and not to CAR1 at early times after PHO activation. CAR1 sequences (ϩ159 to ϩ558) were amplified from a subset of the bisulfite-treated samples analyzed in A and analyzed for 5me C levels. Only four GC sites at CAR1 are shown; the ratios among eight additional sites are also identical. (E) TAGM detects Pho4 binding more sensitively than ChIP analysis. Immunoselected (lanes 2-5) and nonimmunoselected (lane 1, input) samples from either wild-type PHO4 (lane 5, no tag) or 3Myc-PHO4 (lanes 2-5) strains that contain a wild-type PHO5 promoter and a mutated promoter (pho5 ⌬UASs) were analyzed by competitive PCR. The folds of enrichment (PHO5:pho5 ⌬UASs), normalized to the input ratio, are given.
known nuclear accumulation of Pho4 under these conditions (25) . In contrast, in the mut Zif-M.CviPI control strain (Fig. 2 A,  lanes 1-7) , methylation remained rather constant at most of these sites in this histone-free region, except at sites 1 and 4 adjacent to UASp1, which are probably protected against methylation by bound Pho4 (5, 6) . Closer analysis of 5me C levels during 0-2 h after activation (Fig. 2 A, lanes 10-13) indicates that Pho4 predominantly targets M.CviPI to PHO5 sites 13 and 26a (asterisks), achieving enrichments of up to 20-and 34-fold, respectively, over mut Zif-M.CviPI. Directly targeted methylation is readily identifiable by inspecting for peak areas that are altered relative to other peaks in a given lane with Pho4-M.CviPI compared with mut Zif-M.CviPI (Fig. 2B) . Further, in the PHO4-M.CviPI strain, methylation frequencies of sites 13 and 26a increase linearly from 7% to 23% between 0 and 2 h (Fig.  2 A, lanes 10-13; Fig. 2C ) and plateau at 4 h after induction (Fig.  2 A, lane 14) . By comparison, from 0-2 h activation, 5me C accumulates at an 8-fold slower rate at site 43 than at sites 13 and 26a (Fig. 2C) . In addition, similar ratios of 5me C levels among GC sites in a given lane at an extragenic locus (CAR1), which lacks Pho4 sites, demonstrate that the enhanced methylation of sites 13 and 26a at PHO5 is due to site-specific DNA binding by Pho4 (Fig. 2D) . These results suggest that the frequency of targeted 5me C parallels the increase in Pho4 binding to UASp1 that occurs when cells are starved for P i (28, 29) . We conclude that M.CviPI is efficiently and directly targeted (see Fig. 1 ) to C residues of GC sites 13 and 26a on the lower strand of the PHO5 promoter, which agrees well with the optimal distance range of 10-40 bp observed for targeting DNA MTases to oligodeoxynucleotide substrates in vitro (16, 22) . It is likely that the MTase can reach sites within this distance range when the targeting factor (i.e., Pho4) is specifically bound to its UAS. Interestingly, other sites, e.g., site 19, are not selectively modified by Pho4-M.CviPI (Fig.  2 A and B; see Discussion).
Indirect targeting of M.CviPI, Pho4-dependent accumulation of 5me C that occurs locally when Pho4 dissociates from its UAS, is also observed (see Fig. 1 ). For instance, methylation at sites 41 and 43 increases abruptly at 4 h -P i and continues to rise for the remainder of the time course (Fig. 2 A, lanes 14-17) . Moreover, while 5me C amounts introduced by Pho4-M.CviPI at PHO5 (e.g., sites 41 and 43) surpass those attained with the free MTase (Fig.  2 A, compare lanes 14-17 to 3-7) , the converse occurs at the extragenic CAR1 locus at all times until 16 h postinduction (Fig.  2D, compare lanes 3 and 4 to 6-10 ). This demonstrates that, at early times after induction, Pho4 preferentially targets M.CviPI to PHO promoters (see Fig. 5 ) and, at extragenic loci, at least 4 h more is required to accumulate high levels of 5me C. Therefore, at Ն4 h in P i -free medium (Fig. 2 A, lanes 14-17) , the significant increases in methylation at PHO5 sites 41 and 43 are due to indirect targeting of M.CviPI; Pho4-M.CviPI dissociating from either UAS creating a local region of 5me C.
Between 2 and 16 h of induction, Pho4-M.CviPI also increased 5me C levels substantially at PHO5 sites 7a, 7b, and 37 located in positioned nucleosome -2 (27) (Fig. 2 A, lanes 13-17) . Because nucleosomes block accessibility of MTases (4-6), the increased methylation of these sites by both M.CviPI fusion proteins is indicative of nucleosomal disruption concomitant with PHO5 activation (27) . Methylation by mut Zif-M.CviPI at site 37 in the presence of P i (Fig. 2 A, lane 1) occurs because MTases can access two helical turns of DNA that enter and exit nucleosomes (4) (5) (6) . Note that methylation levels at sites 7a, 7b, and 37 in the Pho4-M.CviPI samples (Fig. 2 A, lanes 13-17) are substantially underestimated due to high levels of primer extension termination at sites closer to the primer (i.e., the analysis does not satisfy single-hit kinetics at the most primer distal sites). Thus, extension with a primer annealing just downstream of site 26b demonstrates that Pho4-M.CviPI methylates sites 7a, 7b, and 37 more efficiently than mut Zif-M.CviPI (Fig. 2B Lower) . The extensive methylation of these sites by Pho4-M.CviPI is consistent with the high level of indirect targeting of methylation to the UASp1 region that occurs Ն4 h P i starvation. In addition, the marked increase in 5me C at site 7a relative to 7b with Pho4-M.CviPI, and not with mut Zif-M.CviPI, strongly suggests that Pho4 targets the MTase to site 7a after binding UASp2 and͞or from a distance when bound at UASp1. Therefore, 5me C is targeted to the central region of nucleosomes, which is inaccessible to MTases, only when they have been disrupted. Strikingly, methylation is targeted directly to several GC sites when the majority of Pho4-M.CviPI is expected to be excluded from the nucleus (25) . This is evidenced by the significant level of methylation present at sites 13 and 26a in the presence of P i (Fig. 2B , PHO5 UASp1; compare scan 8 to scans 1 and 6). After normalization of 5me C levels to a histone-free site, site 43, Ͼ20-fold enrichments in targeting of M.CviPI to sites 13 and 26a by Pho4 is observed, compared with the free MTase, mut Zif-M.CviPI. Significant methylation is also targeted under repressive conditions to the opposite strand of the PHO5 promoter (Fig. 3, scan 3) as well as the PHO8 (Fig. 5A, scan 3 ) and PHO84 promoters (Fig. 5B, scan 3) . A possible explanation for targeted methylation under repressive conditions is that the MTase fusion impairs the ability of Pho80-Pho85 to phosphorylate Pho4 and hence increases the nuclear retention of Pho4-M.CviPI. This is unlikely, because acid phosphatase expression is not derepressed in the Pho4-M.CviPI strain. Nevertheless, we tested this possibility further by comparing the rate at which PHO5 transcript levels decrease in wild-type and Pho4-M.CviPI strains after adding P i back to cultures subjected to 10 h of P i starvation. For both strains, PHO5 transcript levels decreased by 90% within 20 min of P i addition, indicating that Pho4 and Pho4-M.CviPI are regulated similarly (data not shown). Thus, TAGM detects Pho4 binding, even under repressive conditions where its nuclear concentration is low (25) , and therefore promoter occupancy by Pho4 is very low. Repeated attempts to detect Pho4 binding in the presence of P i by ChIP analysis were unsuccessful (Fig. 2E, lane 2) ; significant immunoselection of Pho4 crosslinked to PHO5 was detected only on transactivation (Fig. 2E, lanes 3 and 4) . We also analyzed 5me C levels on the upper strand of the PHO5 promoter (Fig. 3) . After transactivation, methylation is enhanced at several GC sites near UASp1 (site 87) and UASp2 (sites 7a, 52, 58, 154, 156, and 167), as expected with the increased access of both MTase fusion proteins that accompanies nucleosome disruption (27) . Methylation amounts are significantly altered at sites 13, 26b, 7b, and 93 (asterisks) relative to other sites in cells expressing Pho4-M.CviPI (scans 3-5) compared with the control, mut Zif-M.CviPI (scans 1 and 2), indicating Pho4-dependent targeting of M.CviPI. Interestingly, despite the high level of 5me C targeted to sites 7a and 26a on the lower strand (Fig. 2) , M.CviPI is not directly targeted to these sites on the upper strand. The reason for this strand-specific, targeting of 5me C to pairs of GC sites that symmetrically flank each Pho4 binding site (7 or 26 bp away) is not understood.
Pho4 Targets M.CviPI at a Distance. In Fig. 3 , the marked methylation of site 93 compared with other sites on the upper strand of the PHO5 promoter suggests that M.CviPI is targeted at distances (93 bp from UASp2 and 202 bp from UASp1), well beyond the optimal targeting distance of 10-40 bp observed in vitro (16, 22) . To investigate this possibility further, we determined methylation levels at GC sites farther upstream in the PHO5 promoter (Fig. 4) . 5me C levels at a number of GC sites increased at the positions of two additional nucleosomes (Ϫ3 and Ϫ4) that are known to be perturbed on promoter activation (27) (Fig. 4A, compare lane 2 to 1 and lanes 6-9 to 3 ). 5me C was reproducibly enriched at a GC site located 335 bp from UASp1, in the PHO4-M.CviPI compared with the mut Zif-M.CviPI strain, suggesting the formation of long-range interactions stemming from higher-order chromatin folding (Fig. 4 , compare lanes 7-9 to 2). A DNA-bound homodimer of Pho4 similarly targets M.CviPI distally (60, 78, and 91 bp) to a low-affinity Pho4-binding site (UAS E) in the PHO84 promoter (30) (Fig. 5B) . The Gal4 DNA-binding domain-and TetR-Dam MTase, bound at 14 and 112 sites, respectively, can also distally target a tethered Dam MTase (12, 13) . Thus, in comparison to a free MTase control, TAGM can discern activation-dependent perturbations in nucleosome structure and preferential MTase targeting at a distance.
Pho4 Targets M.CviPI to Additional PHO Promoters. Pho4 targeted M.CviPI directly to several GC sites at the PHO8 and PHO84 promoters (Fig. 5) . For example, in contrast to mut Zif-M.CviPI cells, yeast expressing Pho4-M.CviPI exhibited significantly higher levels of 5me C at PHO8 sites 13, 51, and 54 compared with site 17, and at PHO84 sites 19 and 36 relative to site 11 (compare the relative peak areas of scans 3 and 4 in Fig. 5A or scans 3-5 in Fig.  5B to those of 1 and 2). Pho4 also significantly targets M.CviPI to each of these sites under repressive conditions when Pho4 binding is very low (scan 3). In addition, after starving PHO4-M.CviPI cells for P i (scan 4 in Fig. 5A ), amounts of methylation at PHO8 sites 24 and 34 in disrupted nucleosome -4 surpass those at site 17. Although M.CviPI targeting was evident near UASp2 of PHO8, none of four GC sites located 11-42 bp from the putative UASp1 is targeted in the repressed or activated promoter (data not shown), indicating further that UASp2 is the only functional Pho4-binding site in the PHO8 promoter (31). After 2 h of activation, methylation Pho4-binding sites (filled bars), are labeled. 5me C levels can be compared with the sites marked with arrows. The positions of nucleosomes (nuc Ϫ3 and nuc Ϫ4, partial ellipses), previously mapped at PHO8 (41) , are shown. From the data in B, we infer the disruption of two nucleosomes in the analyzed PHO84 region (increased methylation on activation at seven GC sites, 36 -221 bp from UAS E; compare scan 2 to scan 1 in B). To augment peak heights, quantification of the run-off products has been omitted. A region in scan 5 where the signal is underestimated due to departure from single-hit kinetics is bracketed.
at PHO84 sites 60, 78, and 91 exceeds that at neighboring sites 118, 140, and 221 with Pho4-M.CviPI, but not mut Zif-M.CviPI (Fig. 5B , compare scan 5 to 2), suggesting that bound Pho4 directly targets M.CviPI to distal PHO84 sites 60, 78, and 91. We conclude that the native transcription factor Pho4 can efficiently target M.CviPI to each of the endogenous single-copy PHO promoters that we have tested.
Discussion
We have demonstrated that TAGM is a highly effective and sensitive technique for detecting DNA-protein interactions and activation-dependent changes chromatin structure in vivo. The method provides several distinct advantages over other available approaches (1) (see introduction), including: (i) identification of sites of factor interaction at relatively high resolution in living cells; (ii) high sensitivity, requiring only small amounts of cells and detecting factor binding even at single native sites; and (iii) the ability to monitor nucleosomal rearrangements kinetically. In vitro, the ability to target 5me C is primarily related to the distance between a particular MTase site and the factor-binding site, which is likely related to the length and nature of the peptide separating the targeting factor and the MTase (16, 22) . In addition to these constraints, our results demonstrate that, in chromatin, the efficiency of targeting 5me C to a given site is determined by its accessibility, its rotational orientation relative to the factor-binding site, and͞or higher-order chromosome structure.
Taken together, at PHO5, our data suggest that a homodimer of Pho4, initially binding to the accessible UASp1 E box, preferentially targets M.CviPI to sites 13 and 26a (28) . Subsequently, disruption of nucleosome -2, presumably mediated by the recruitment of coactivators such as histone acetyltransferases (32, 33) and ATPdependent remodelers (34) (35) (36) to PHO5, facilitates Pho4 binding at the high-affinity UASp2 site (28, 29) . Increases in the local MTase concentration due to cooperative binding of Pho4-M.CviPI that accompanies chromatin perturbation may account for the accumulation of high levels of methylation at sites to which the MTase is indirectly targeted (e.g., sites 41 and 43). In that Pho4 targets M.CviPI at a distance (Figs. 3-5) , it is interesting to speculate that it can also do so with recruited coactivators and hence disrupt distal nucleosomes (37) .
Previous studies have suggested that residual levels of Pho4 are present in the nucleus in high P i (38) (39) (40) , despite its predominant cytoplasmic localization under these conditions (25) . The presence of marked targeted 5me C at PHO5, PHO8, and PHO84 provides direct evidence of a low level of Pho4 binding in the presence of P i . This binding occurs either before phosphorylation of Pho4 by Pho80-Pho85 or after its modification and before subsequent nuclear export. The sensitivity of TAGM is underscored by this result because, in the presence of P i , Pho4 binding is not detectable by ChIP analysis (36) (Fig. 2E) or genomic footprinting (28) . Thus, TAGM is a powerful and complementary alternative to existing technologies.
In addition to the use of TAGM with Pho4 fused to M.CviPI presented here, we have also targeted M.CviPI as well as M.SssI, acting on CG sites, both near and several hundred nucleotides from single Zif268-binding sites (C.D.C., R. L. Parr, G.-L. Xu, and M.P.K., unpublished work). Thus, the successful application of TAGM for these two factors tested thus far, each at three different loci validates its efficacy in targeting C5 methylation and hence detection of factor interactions. We are currently extending TAGM to additional transcription factors and coactivators. It may also be possible to apply TAGM in other organisms that lack cytosine methylation or perhaps in vertebrate cells at regions that do not have an abundance of 5me C (e.g., CpG islands). Further, our observation that substantially more methylation by Pho4-M.CviPI at PHO5 vs. CAR1 occurs at early times after PHO activation is promising for using TAGM in genome-wide identification of targets for Pho4 and other transcription factors. Finally, because C5 DNA methylation is a primary signal leading to the formation of repressive chromatin structures in vertebrates (14) , the ability to specifically target such methylation could provide a strategy for inactivating gene expression.
